Abstract. 2014 The structure of the new phase K4Ti16O34 was determined from electron diffraction and high resolution electron microscopy data supported by X-ray and thermogravimetric analysis. K2Ti8O17 obtained from the tetratitanate K2Ti4O9 by a soft chemistry reaction transforms at 750 °C into a high temperature form K4Ti16O34. The "cut and projection" method is used to analyze the electron diffraction patterns and to determine the stacking sequences from geometrical feature of the diffraction patterns. The structure deduced from electron diffraction patterns and direct imaging can be described as resulting from a regular intergrowth of two tunnel titanates: the hexatitanate and an hypothetical decatitanate. As the homologous series of tunnels alkali titanates A2TimO2m+1 with m &#x3E; 6, the structure is derived from the lepidocrocite archetype. The formation mechanism of the regular block sequence is discussed. 
as long period structures derived from the lepidocrocite type. In the layered titanates, the ID commensurate modulation of the lepidocrocite framework involves non-conservative antiphase boundaries. Layered structures are observed for 3 m 5 and tunnel structures for m &#x3E; 6. The host lattices of all the alkali titanates are constructed from zigzag ribbons of octahedra sharing edges. These ribbons are infinite in the b direction. The width of a ribbon in terms of octahedra sharing edges at the same level is n = m for the layered titanates and n = m/2 for the tunnel titanates built up from only one type of ribbon. Among the previously described alkali titanates exhibiting a tunnel structure, only Na4Ti14030 contains two kinds of ribbons, 4 and 3 octahedra in width respectively [2] . The ribbons are joined by octahedra sharing corners to give puckered sheets, present in each n-step titanate, as isolated layers in the lamellar titanates and joined by the available corners in the tunnel structures.
The compound K2Ti8017 has been previously prepared from K2Ti40g by a soft chemistry process involving a K+ -H+ exchange of one half of the potassium content followed by a topotactic dehydration-condensation reaction while the temperature is increased; this leads to the 3D-octatitanate exhibiting the same framework as the Watts bronze K3Tig017 [3, 4] .
The present work examines the thermal evolution of KHTi409, xH20, the formation of the already known low temperature form of octatitanate (LT) and its transformation at 750 ° C into a new form of octatitanate followed by a decomposition at 900 ° C into a mixture of anatase and K2Ti6013. Powder XRD, HREM and electron diffraction including in situ high temperature diffraction measurements and thermogravimetric analysis (TGA) were used in this study.
Expérimental
The titanate K2Ti409 was prepared by conventional solid state methods. Stoichiometric quantities of Ti02 (anatase) and alkali metal nitrates (KN03) were ground and pestled to form a pellet. This was then fired in Pt crucible in air at 1000 °C for 1 day. The products were characterized by X-ray powder diffraction (XRD) using a D5000 Siemens diffractometer in a Bragg-Brentano geometry. Acid-exchange of the potassium parent was [5, 16] . [6] [7] [8] [9] . In this approach, a basic structure is considered as modulated, i. e. divided into "modules" by a set of planar interfaces separated by a constant spacing A. A displacement vector R is associated with the interface and the modulus of the wavevector of the modulation is 1/A.
The materials with chemical composition A2TimO2+1 form a homologous series of compounds in which the framework TimO2m+1 is closely related to the lepidocrocite 1'-FeO(OH) archetype structure [10] . CSO.33TiO2 [1] framework belongs to the lepidocrocite type. The latter bronze can be considered as a particular layered titanate with smooth layers, each containing only one ribbon of infinite width. In terms of the rock salt structure this bronze may be formulated as (TieD9)(Cs20i2L!). The titanium-oxygen framework is more precisely described by the sequence ABBAC as indicated in Figure 1 where A, B, C are three kinds of (130) planes. Their [11, 12] (Fig. 4) Another example of such intergrowths is given by the tunnel titanate Na4Ti1403o which can be considered as built from hexa and octa titanates. In all these intergrowths, the difference in width between two adjacent ribbons is only one octahedron. In the second part of this paper is described a new form of K2Tig017 exhibiting a difference of two octahedra between adjacent ribbons. Before describing the idealized structure of the high temperature phase of K2Ti8Ol7 it may be of interest to briefly discuss the origin of the superstructure spots observed on the electron diffraction patterns.
Interprétation of the Diffraction Patterns
In physical space, the shear structure is the convolution product of the superlattice generated by the shearing operation with a slab of the basic structure (the lepidocrocite in the case of the alkali titanates). The diffraction pattern is then the Fourier transform of this convolution product, z. e. the ordinary product of two Fourier transforms: the reciprocal lattice of the shear structure and the Fourier transform of a basic structure slab. The latter can be obtained as follows: since in physical space a basic structure slab is the ordinary product of the basic structure with the window function limiting the slab, the transform of such a slab is the convolution product of the reciprocal lattice of the basic structure with the window transform. The "cut and projection" method is a simple example of "embedding" a non periodic structure (1D) in a higher dimensional space (2D) in order to make it periodic [9, 13, 14] . It is possible to map each block sequence on a 2D lattice with a rectangular unit mesh of n1 x n2 units. Assuming the number of n1 layer blocks to be plotted along the vertical direction and the number of n2 layer blocks in the horizontal direction, any sequence consisting of the two types of block is thus imaged as a zigzag path on this 2D lattice. The sequence which best approximates a uniform distribution of ribbons is then represented by the zigzag line which fits best the straight line S. The slope is given by the ratio of the total length of the ribbons sequences along the two directions (Fig. 6) . Figure 7 shows for instance the pattern to be expected for the 2-3 sequence in K2SrTi10O22. The geometry and the relative spot intensities are found to correspond remarquably well with the observed ones (Fig. 8) 
Thermolysis Study
The thermogravimetric analysis (TGA) experiments were performed under air. The exchange rate was checked by semi-quantitative analysis in a 35C Jeol scanning electron microscope equipped with a TRACOR probe. At the end of the treatment, the exchange rate is close to 50%.
The TGA curve is shown in Figure 9 . It reveals a monotonous weight loss which is achieved at 650 °C. The XRD pattern of the final compound obtained at 700 °C is characteristic of the octatitanate K2Ti8O17. Since the final product is known and because all the weight loss can be associated to a water departure, the exchanged product can be expressed KHTi409, 0.95H20 at 120 °C. The slope change observed around 430 ° C corresponds then to the global composition and KHTi409, 0.25H20.
At 900 ° C, the XRD pattern reveals that the octatitanate decomposed into a mixture of Ti02 anatase and K2Ti6013.
X-Ray Diffraction
In the temperature range 25 to 500 ° C, X-ray patterns of the anhydrous compound exhibits a sharp relationship with the pattern of the exchanged compound as shown in Figure 10 .
The K2TigO17 diffraction peaks (indicated by an "asterisk"), appear at 100 °C then their intensities increase with the temperature. The KHTi409, xH20 dhoo intensities characteristic of the interlayer spacing continuously decreases between 100 ° C and 500 ° C. As can be seen in Table III , in which are compared the cell parameters of the starting 2D-material with those of the 3D-octatitanate, the c parameter characteristic of the ribbon width and the b parameter do not change in this temperature range whereas the a and /3 parameters decrease.
The main conclusion for this study is that the evolution of the 2D-phase to the 3D K2Ti,8017 takes place in a progressive way. According to the particular structural relationship between the hydrolysis compound and the octatitanate 2013 z.e. the conservation of zig-zag ribbonsthis evolution could be explained by a condensation of zig-zag ribbons of octahedra edges which involves the formation of near-periodic sequences along a. This suggests that the water departure and the dehydroxylation process take place simultaneously. The proposed structural model is shown in Figure 11 .
In order to describe this condensation it is convenient to write the starting material and the octatitanate Ti-O frameworks in terms of (100) planes as 03B3 (03B103B3) Using the "cut and pro jection" method previously described, the block sequence corresponding with this value of q is 35 (Fig. 14) . Also the theoretical diffraction pattern can be deduced graphically; the result is shown in Figure 15 . The relative intensities of the spots are quite well reproduced, as can be judged by comparing with Figure 13 . The block sequences and thus the antiphase boundaries are directly observed in high resolution microscopy images along c direction. 
High Resolution Electron Microscopy
High resolution images of titanate structure can be obtained along the [110] section, since in these sections, satellites due to modulation are present. The result is shown in Figure 16 for KHTi409. In [110] HREM image, only the n = 4 type modulation along c is present, which is characterized by antiphase boundaries predominantly located on the double AA layers (Ti vacancies: see Fig. 2 ). The enlarged experimental and calculated (included as an inset) HREM images along [110] are shown in Figure 18 . The structural model of KHTi409 is deduced from the previously reported isostructural layered titanate [15] in C2/m space group. As it can be seen in Figure 17 , the best simulation is obtained at defocus of 150 A and for a crystal thickness of 25 A. A good match has been achieved between this simulation and the experimental image; therefore the white dots in Figure 18 correspond to Ti-O columns while the black contrasts are associated to the K cations. One easily recognizes the stacking of the n = 4 atomic blocks according to the sequence (ABBAC)4AAC with the repeat unit of about 12 A along the c direction.
The result of the X-ray diffraction experiment is confirmed by the in situ heating of the KHTi409 sample in the microscope. At Figure 19 . The crystal structure data used for the image simulation was previously reported by Sasaki et al. [16] . The K ions are randomly distributed on the two Wyckoff positions 4i. In order to improve the experimental contrast, one part of the crystal was filtered. The experimental contrast observed fits quite well with the calculated one for a defocus of -600 A and for a crystal thickness of 50 A (Fig. 20) deviations from the C-centering; Figure 24 is consistent with a mixture of both LT and HT octatitanate forms.
In contrast to the C centered unit mesh observed for HT octatitanate (Fig. 21) where a is a parameter of the lepidocrocite unit cell. The application of a variant of the "cut and projection" method makes it possible to deduce not only the stacking sequence but also the essential features of the diffraction patterns for given values of n. Inversely, the block sequence and therefore the composition can be deduced from diffraction pattern.
The HT K2Ti8017 form exhibits these two types of modulation, leading to the intergrowth of two tunnel titanates with steps differing from more than one octahedron. Using the "cut and projection" method, the block sequence corresponding with this value of q is 3-5. The comparison between the HREM observed and simulated images leads to the conclusion that the high temperature form of the octatitanate is built up from a complex sequence consisting of two blocks of 3-steps and 5-steps tunnels titanates respectively. The transformation results in a shift of one upon two interface boundaries in such way that the composition is not modified. The modulus of this shift is one octahedron edge. 
